OBJECTIVE-Women with gestational diabetes mellitus (GDM) demonstrate chronic and progressive insulin resistance and a markedly increased risk of converting to type 2 diabetes after pregnancy. However, the cellular mechanisms underlying this insulin resistance are unknown.
G
estational diabetes mellitus (GDM), defined as impaired glucose tolerance first recognized in pregnancy, is associated with increased wholebody insulin resistance compared with obese women with normal glucose tolerance (NGT) (1, 2) , and it often precedes the clinical diagnosis of type 2 diabetes (3, 4) . Women with a history of GDM have up to a 60% chance of progressing to type 2 diabetes within 5 years after pregnancy (1, 5) , depending on advancing insulin resistance and deterioration of islet function (6, 7) . Subjects with a history of GDM tend to have a higher BMI (8) , an athrogenic lipid profile (8 -10) , and evidence of subclinical inflammation (11) (12) (13) , all characteristics associated with a state of chronic insulin resistance. The insulin signaling abnormalities that underlie this excess insulin resistance and increased risk for progression to type 2 diabetes have not been investigated previously.
Pregnancy is normally associated with a significant (ϳ50%) decline in insulin sensitivity from the first to the third trimester (2) . At the cellular level, women who maintain NGT during pregnancy experience decrements in the insulin receptor (IR) and IR substrate (IRS)-1 signaling cascade that are restored to normal within the first year postpartum (14, 15) . In women with GDM, skeletal muscle insulin-stimulated glucose transport and whole-body insulin sensitivity are significantly lower during late pregnancy than in weight-matched pregnant women with NGT (16, 17) . In addition to reduced glucose transport activity, GDM is associated with specific impairments in insulin signaling in skeletal muscle and adipose tissue (16,18 -21) . We previously observed a two-to threefold increase in the p85␣ phosphoinositide 3 kinase (PI3K) subunit in skeletal muscle and adipose tissue from GDM subjects during late pregnancy compared with obese nonpregnant subjects (16) . Besides increased p85␣ expression, GDM subjects have reduced insulin-stimulated IR and IRS-1 tyrosine phosphorylation, which is associated with a 50% reduction in the levels of IRS-1 protein (16, 18, 22) . Whether these abnormalities persist during the postpartum period in former GDM women is unknown.
The present study was designed as a prospective longitudinal study to investigate the potential mechanism(s) underlying chronic insulin resistance in skeletal muscle in GDM women after pregnancy. We previously characterized the cellular changes responsible for the postpartum return in insulin sensitivity in women with NGT (14) . The women in the present study were obese and were diagnosed with GDM during pregnancy. They were studied during late pregnancy and again 1 year postpartum. We hypothesized that pregnancy-induced insulin signaling abnormalities in GDM women would return to normal, but that other defects might remain to help explain the chronic insulin resistance characteristic of these women postpartum. Our results show that obese women with GDM failed to return to their prepregnancy weight and maintained their insulin resistance postpartum. They continued to have impaired IR tyrosine phosphorylation, increased 312 Ser-IRS-1 phosphorylation, and increased TNF-␣ mRNA in skeletal muscle, suggesting the mechanisms underlying chronic insulin resistance in former GDM women may be driven by inflammation that impinges on the insulin signaling cascade in skeletal muscle. While some of the pregnancy-induced mechanisms of insulin resistance (decreased IRS-1 and increased p85␣) improved postpartum, these results suggest that increased adiposity postpartum may prompt progressive insulin resistance with important implications for increased risk for type 2 diabetes.
RESEARCH DESIGN AND METHODS
Subjects. Nine women with GDM (age 36 Ϯ 2 years) volunteered to participate in the study (Table 1) . GDM during pregnancy was established according to the criteria of Carpenter and Coustan (23) . Prior physical activity was evaluated using the Minnesota Leisure Time Physical Activity questionnaire (24) . For late pregnancy, physical activity was assessed from the last menstrual period, and for postpartum, it was assessed from delivery up to a maximum of 12 months. All pregnancy data were collected between 30 and 36 weeks gestation. All postpartum evaluations were performed ϳ1 year after delivery, when the women had stopped breastfeeding. These data were obtained during the follicular phase of the menstrual cycle and none of the women were using hormonal contraception. The experimental protocol was approved by the Institutional Review Board at MetroHealth Medical Center, and written informed consent was obtained from all subjects before enrollment into the study. Oral glucose tolerance tests. A standard 75-g oral glucose tolerance test (OGTT) was performed on all subjects within 1 year postpartum. The OGTT was performed after a 10-to 12-h overnight fast. Venous blood samples for glucose and insulin determination were drawn in the fasting state and at 30, 60, 90, and 120 min after ingestion of the glucose drink. Glucose tolerance was classified according to the American Diabetes Association Clinical Practice Recommendations (25) . Subjects were instructed to eat a diet consisting of at least 60% of energy as complex carbohydrate, 25% as fat, and 15% as protein for the week before the test. Body composition. Body composition was determined by hydrostatic weighing according to the method described by Catalano et al. (26) . Height was measured to the nearest 1.0 cm without shoes and body weight was measured to the nearest 0.1 kg. Hyperinsulinemic-euglycemic clamps. A single-stage 2-h hyperinsulinemiceuglycemic clamp with [6,6- 2 H]glucose kinetics (5 mmol/l glucose, 40 mU ⅐ m Ϫ2 ⅐ min Ϫ1 ) was performed during late pregnancy (30 -36 weeks) and was repeated ϳ1 year after delivery, as previously described (27) . Insulin sensitivity (M) was computed from the glucose infusion rate that was required to maintain blood glucose at 90 mg/dl, plus residual endogenous glucose output based on [6,6- 2 H]glucose kinetics. The subjects were counseled by a nutritionist 1 week before study to maintain a carbohydrate and fat intake of 50 -55% and 30 -35%, respectively, after adjusting for the caloric demands of pregnancy.
Muscle biopsy. Muscle biopsies were performed using the Bergstrom needle biopsy procedure as previously described (28) . Approximately 100 mg of tissue was obtained from the vastus lateralis muscle during late pregnancy and again ϳ1 year postpartum. Both biopsies were performed under basal conditions after an overnight fast. The muscle sample was immediately frozen in liquid nitrogen and stored at Ϫ80°C for subsequent analysis. IR and IR tyrosine kinase assays. IR content, IR tyrosine phosphorylation, and IR tyrosine kinase (IRTK) activity in response to insulin was measured in triplicate by enzyme-linked immunosorbent assay (ELISA) as previously described (14, 18) . Western blot analysis. The levels of IR␤, IRS-1, 312 Ser-IRS-1 phosphorylation, p85␣, Akt, p70S6 kinase, and GLUT4 were determined in the muscle biopsy samples as previously reported (14) . Each protein sample was run in duplicate and normalized to either GAPDH or ␤-actin, and the results were expressed as percent change relative to the value obtained in late pregnancy. Antibodies to Akt and p70S6 kinase were purchased from Cell Signaling Technology (Danvers, MA); IR␤, IRS-1, GLUT4, GAPDH, and actin were from Santa Cruz Biotechnology (Santa Cruz, CA);
312 Ser-IRS-1 and p85␣ were from Upstate (Millipore, Bellerica, MA). Quantitative real-time PCR. Total RNA was extracted from ϳ20 mg of frozen muscle. The samples were disrupted on ice by pellet pestle motor (Kimble Kontes, Vineland, NJ) and homogenized in 20 mg/ml proteinase K at 55°C. Total RNA was then isolated using RNeasy Mini kit (Qiagen, Valencia, CA) according to the manufacturer's directions and DNase-treated (Ambion, Austin, TX). The quality of the isolated RNA was assessed by electrophoresis on 1.5% agarose gels based on the integrity of 28S and 18S bands after ethidium bromide staining. The quantity of total RNA was determined spectrophotometrically at an absorbance of 260 nm. cDNA was prepared from 2 g total RNA using random decamers and reverse transcriptase kit from Ambion.
TNF-␣ gene expression was determined by quantitative real-time PCR. Housekeeping gene ␤-actin and human TNF-␣ PCR primer sets were purchased from Roche Applied Science (Indianapolis, IN). A 2-l sample of diluted cDNA was amplified in FastStart SYBR Green reagents (Roche) using 30 cycles at 95°C for 10 s, 55°C for 10 s, and 72°C for 18 s in a LightCycler PCR system (Roche). The data were normalized to ␤-actin expression using the relative standard curve method and expressed as fold-increase. The specificity of the amplified PCR product was assessed from the melting curve. Negative controls (RNA without reverse transcriptase) were included in each assay as a check for contamination. Plasma glucose, insulin, and TNF-␣ assays. All samples were measured for glucose, insulin, and TNF-␣ and were run in duplicate in a single assay. Plasma glucose concentrations were measured by the glucose oxidase method. Blood samples for insulin measurements were centrifuged at 4°C and the plasma was stored at Ϫ80°C for subsequent analysis by a double-antibody radioimmunoassay as previously described (29) . Plasma TNF-␣ concentrations were measured by ELISA (Quantikine HS; R&D Systems, Minneapolis, MN). The intra-assay coefficient of variation was 14%, the minimum detectable limit of the assay was 0.18 pg/ml, and the lowest standard was 0.5 pg/ml. Statistical analysis. All values are presented as means Ϯ SE. Differences between dependent variables were examined using a paired Student's t test or a Wilcoxon's signed-rank test. The relationship between the change in insulin sensitivity measured during the clamp and change in plasma TNF-␣ or insulin signaling proteins was based on univariate correlation analysis. The data were analyzed using Statview II (Abacus Concepts, Berkeley, CA) or Prism 4 (GraphPad Software, San Diego, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS
Insulin sensitivity. Insulin sensitivity was determined in obese GDM subjects during late third trimester and again ϳ1 year postpartum using the hyperinsulinemic-euglycemic clamp technique as outlined under RESEARCH DESIGN AND METHODS. One year postpartum GDM women demonstrated insulin resistance that was not significantly different from values obtained in late pregnancy (4.1 Ϯ 0.4 vs. 5.8 Ϯ 1.1 10 (Fig. 1 ). As shown in Table 1 , fasting plasma glucose increased postpartum (P Ͻ 0.05), while fasting plasma insulin levels declined significantly postpartum (P Ͻ 0.01). Five of the nine subjects had a fasting glucose Ͼ100 mg/dl postpartum. Complete OGTT data were obtained on eight of the nine subjects in the postpartum follow up. The mean 2-h OGTT value was 131 Ϯ 10 mg/dl. Two of the nine subjects had 2-h glucose values Ͼ140 mg/dl but Ͻ200 mg/dl. In addition, two of the four subjects with normal fasting glucose levels had 2-h values Ͼ130 mg/dl but Ͻ140 mg/dl. Thus, seven of the nine subjects had impaired or abnormally high glucose tolerance postpartum. Body composition. Body composition was determined by hydrostatic weighing during late gestation and ϳ1 year postpartum. GDM subjects did not lose a significant amount of body weight after pregnancy and did not return to their self-reported prepregnancy weight (Fig. 2) , whereas a group of women with NGT (shown for comparison in Table 2 ) studied previously returned to prepregnancy body weight (14) . In addition, although the BMI for GDM subjects was similar postpartum, fat mass increased slightly but significantly in the obese GDM women (P Ͻ 0.05) ( Table 1) . Physical activity. A standardized questionnaire was used to assess levels of physical activity during the 12 months preceding each clamp measurement (24) . We did not see any major difference in these self-reported indexes for women with GDM postpartum (119 Ϯ 49 units) compared with late pregnancy (110 Ϯ 39 units) because of the wide range of activity. Skeletal muscle insulin receptor expression and function. We previously demonstrated that during late pregnancy, women with GDM have a significant impairment in skeletal muscle IR tyrosine phosphorylation and reduced IRTK activity compared with weight-matched pregnant obese patients with NGT (16, 18) . To examine whether the decrement in IR activity persists or recovers in former GDM women, muscle biopsies were obtained in the same subjects during the late third trimester and 1 year postpartum. Using identical concentrations of insulin receptors isolated from skeletal muscle, we measured basal and maximal insulin-stimulated IR tyrosine phosphorylation in vitro. Basal IR phosphorylation was similar during late pregnancy and postpartum (Fig. 3A) . Insulin-stimulated IR tyrosine phosphorylation increased three-to fourfold above basal levels. However, there was no significant changes found in maximal insulin-stimulated IR tyrosine phosphorylation 1 year postpartum compared with late pregnancy (Fig. 3A) . Maximal insulin-stimulated IRTK activity measured against an artificial tyrosine substrate (Poly Glu:Tyr) was also unchanged from late pregnancy to postpartum, suggesting a lack of postpartum change in IR function (Fig. 3B) . Downstream signaling, protein expression, and phosphorylation. The most immediate proteins downstream of the IR include the IRS family of proteins that includes IRS-1, which is the major IRS in adult human skeletal muscle. We previously documented a ϳ50% decrement in IRS-1 in GDM subjects compared with obese subjects in the nonpregnant state (16) . In the present study, both IR and IRS-1 protein expression increased from late pregnancy to postpartum (P Ͻ 0.05) in women with GDM (Fig.  4) . Phosphorylation of IRS-1 on serine 312 is known to negatively regulate IRS-1 tyrosine phosphorylation and may induce insulin resistance in response to increased fatty acid or cytokine activation (30) . We measured the abundance of 312 Ser-IRS-1 in the basal state using a phosphospecific antibody and found that in women with GDM the levels were not significantly changed postpartum. When expressed as a ratio of 312 Ser-IRS-1 to total IRS-1, the ratio was also unchanged. Previously we found that levels of p85␣ regulatory subunit of PI3K are two to threefold higher during late pregnancy compared with obese nonpregnant women (16) . In GDM subjects, the abundance of the p85␣ was reduced significantly postpartum (12%, P Ͻ 0.005). There were no differences in the expression of downstream signaling proteins Akt, p70S6 kinase, or the skeletal muscle glucose transporter, GLUT4, from late pregnancy to postpartum (data not shown).
Plasma TNF-␣ and skeletal muscle TNF-␣ mRNA expression. TNF-␣ is a cytokine that is linked to insulin resistance. We have previously reported an increase in circulating TNF-␣ during late pregnancy (14) . In the present study, circulating TNF-␣ remained unchanged postpartum compared with late pregnancy in women with GDM, while in women with NGT, these levels declined significantly postpartum (Fig. 5A) . Pretranslational expression of TNF-␣ mRNA in muscle was determined by quantitative real-time PCR. Women with GDM had five-to sixfold higher skeletal muscle TNF-␣ mRNA compared with women with NGT during late pregnancy (Fig. 5B) . GDM subjects experienced a significant reduction in TNF-␣ mRNA postpartum; however, expression remained threefold higher than in women with NGT. We performed correlation analysis between the change in insulin sensitivity (insulin sensitivity index [ISI] ) and changes in skeletal muscle insulin signaling proteins from late pregnancy to postpartum. Combining the data from normal (n ϭ 9) and GDM subjects (n ϭ 9), the strongest correlation noted was between the change in 312 Ser-IRS-1 and the change in ISI (r 2 ϭ 0.302, P Ͻ 0.02) (Fig. 6A ). There was also a correlation between skeletal muscle TNF-␣ mRNA and 312 Ser-IRS-1/total IRS-1 (r 2 ϭ 0.19, P Ͻ 0.03) (Fig. 6B) , and between the change in plasma TNF-␣ and the change in insulin resistance (r 2 ϭ 0.52, P Ͻ 0.03) (not shown).
DISCUSSION
Decreased insulin sensitivity with advancing gestation is a hallmark of pregnancy that involves changes in the insulin signaling cascade in human skeletal muscle, as outlined in our previous reports (15, 16, 18, 22, 31) . To explore whether the mechanisms underlying insulin resistance are reversible in women with GDM, we followed women longitudinally and focused our attention on metabolic characteristics and expression and function of proteins in skeletal muscle biopsies obtained 1 year postpartum. Body weight, fat mass, and fasting glucose increased postpartum in women with GDM. Despite a failure to return to prepregnancy body weight, however, our longitudinal results demonstrate that GDM women experience changes in IR, IRS-1, and p85␣ expression in skeletal muscle that were similar to those seen previously in women with NGT (14), suggesting these changes were likely due to pregnancy-specific factors. Despite these positive changes, however, insulin-stimulated IR tyrosine phosphorylation and IRTK activity were not improved, and whole-body insulin resistance was not significantly different in the obese GDM women postpartum. Although lack of postpartum weight loss in GDM subjects suggests that obesity may be a key factor underlying a lack of improvement in IR and IRTK function postpartum, it is also possible that these GDM women may carry an intrinsic defect that interacts with the IR and underlies their genetic prevalence for type 2 diabetes, as suggested recently (32). Ober et al. (33) found that risk for GDM in black and Caucasian subjects was not due to obesity per se but to interactions between obesity and variation in alleles for the IR in Caucasian and AfricanAmerican women with GDM. They also noted that variation in IR appeared to interact with both BMI and history of diabetes in women with GDM to increase their risk for type 2 diabetes. More studies are necessary to understand the potential for genetic factors that may suppress IR function in former GDM women. Both IR and IRS-1 serine phosphorylation have been suggested as major mechanisms for insulin resistance in mouse models of obesity and GDM (31, 34, 35) and in skeletal muscle of obese humans (36) . We previously reported that during late pregnancy, obese GDM women had impaired IR and IRTK activity in vitro (18) , as well as impaired insulin-stimulated IR and IRS-1 tyrosine phosphorylation in vivo (18) . We also demonstrated that treating isolated insulin receptors from GDM women with alkaline phosphatase to remove existing serine phosphorylation resulted in a significant improvement (but not normalization) in insulin-stimulated IRTK activity, suggesting that decrements in insulin-stimulated IRTK activity during late pregnancy may be associated with increased serine kinase activity (18) . Our results shown here that 312 Ser-IRS-1 is not significantly improved in GDM women postpartum, together with lack of change in IR and IRTK activity, are consistent with a potential for increased serine kinase activity and insulin resistance. Serine phosphorylation of IRS proteins by mTOR-p70S6 kinase (p70S6K1)-dependent mechanism or other kinases, such as TNF-␣-induced c-Jun NH 2 -terminal kinase (JNK), IKK␤, p38, and AMP kinase (rev. in 37) among others, can reduce the ability of IRS proteins to attract PI3K, thus triggering insulin resistance (34,38 -42) .
A major finding in the present studies is that the level of skeletal muscle TNF-␣ mRNA was remarkably elevated in obese GDM women during late pregnancy compared with women with NGT (14), and fell significantly postpartum but remained elevated by threefold compared with control women. These results suggest that a component of the pro-inflammatory pathway may be hyperactive locally in skeletal muscle from GDM subjects during pregnancy and remain increased postpartum. Based on the known effects of TNF-␣ to induce serine phosphorylation of both IR and IRS-1, which in turn impairs tyrosine phosphorylation of IRS-1 (40, 43) , it is possible that the increased TNF-␣ expression in skeletal muscle could lead to the marked impairment in whole-body insulin sensitivity in these obese GDM women. The change in 312 Ser-IRS-1 postpartum correlated with the change in insulin sensitivity (r 2 ϭ 0.302, P Ͻ 0.02), while TNF-␣ mRNA correlated with Ser-IRS-1 from late pregnancy to postpartum is attenuating the reversal of insulin resistance in GDM women remains to be determined. Interestingly, in control subjects with NGT, plasma TNF-␣ fell significantly in the postpartum period. This is consistent with the idea that the increase in circulating TNF-␣ during late pregnancy is a contribution of placental secretion and is a significant predictor of insulin resistance in late gestation (44) . In GDM subjects, however, plasma TNF-␣ was similar to control subjects during late pregnancy but remained unchanged 1 year postpartum. Using NMR spectroscopy, Kautzky-Willer et al. (45) reported increased intramuscular lipid content in skeletal muscle of obese women with prior GDM. Increased free fatty acid (FFA) uptake and/or lipolysis of stored triglyceride in skeletal muscle of obese women could increase cytosolic long-chain acyl-CoA (LCA-CoA), which correlates with overall obesity (46) and could inhibit insulin action via increased IRS-1 serine phosphorylation (37, 47) . We also found a small but significant decrease postpartum in the PI3K regulatory subunit p85␣, which contrasts with the two-to threefold elevation found during late pregnancy (16) . Under normal conditions, the p85␣ subunit exists in stochiometric excess to the catalytic p110 subunit, resulting in a pool of free p85 monomers in relation to the p85-p110 dimers, with the latter responsible for PI3K activity (48) . An increase in the p85␣ regulatory subunit, which binds to phosphorylated IRS proteins, can compete with the p85-p110 heterodimer binding to tyrosine-phosphorylated IRS-1, thereby inhibiting PI3K activity and producing insulin resistance (49) . In transgenic mice overexpressing human placental growth hormone, at levels similar to the third trimester of pregnancy, there is increased amounts of p85␣ regulatory subunit in skeletal muscle (50) , and this resulted in impaired IRS-1-associated PI3K activity. Likewise, mice with heterozygous disruption of the p85␣ gene are more insulin-sensitive and display enhanced insulin signaling in skeletal muscle (51) . Our data showing a small decline in p85␣ postpartum are consistent with the proposed role of increased p85␣ as a cellular mediator of skeletal muscle insulin resistance during pregnancy. The inverse relationship between insulin sensitivity and PI3K subunit ratio has been observed in human and animal models of insulin resistance (52) (53) (54) (55) , including obesity and type 2 diabetes (36) . Finally, insulin resistance in skeletal muscle involves not only increased serine kinase activity and increased p85␣, but also, as good evidence suggests, decreased activation downstream from PI3K at the level of Akt-2 (56) and atypical protein kinase C (PKC) (36, (57) (58) (59) (60) (61) (62) in patients with obesity and type 2 diabetes.
It is also possible that other circulating factors such as FFA, resistin, adiponectin, etc., may be contributing factors to the insulin resistance in women who do not lose weight postpartum. Impaired insulin-mediated FFA suppression occurs in GDM subjects both in late pregnancy (19) and postpartum in response to IVGTT-induced endogenous insulin secretion (63) . The impaired FFA suppression is present in postpartum GDM women with the most severe ␤-cell dysfunction (those that required insulin during pregnancy) and, thus, this may be related to their insulin secretory dysfunction rather than their reduced insulin sensitivity per se. Indeed, worsening islet function in the face of progressive insulin resistance postpartum is a major determinant in the progression from GDM to type 2 diabetes (6). The earlier in life a woman is diagnosed with GDM, the more likely severe insulin resistance predated the pregnancy. Not losing weight between pregnancies is a clear risk factor for recurrent GDM and development of type 2 diabetes, suggesting that progressive insulin resistance may accelerate the decline in ␤-cell function that leads to diabetes (64) .
In summary, we have observed chronically elevated skeletal muscle TNF-␣ expression, a lack of change in 312 Ser-IRS-1 associated with insulin resistance and decreased insulin signaling in skeletal muscle of obese GDM women 1 year postpartum. The improvement in IR, IRS-1 and slight reduction in p85␣ found postpartum were similar to those observed previously in subjects with NGT (14) , and suggests these changes may be specific to pregnancy-induced mechanisms of insulin resistance. GDM is associated with an extremely high risk (ϳ50%) of developing type 2 diabetes in the subsequent 5-10 years, particularly those with obesity who require insulin during pregnancy and certain ethnic group status (65) . Based on oral glucose tolerance testing, this postpartum insulin resistance is not benign. Indeed, seven of the nine women had evidence of either impaired or poor glucose tolerance 1 year postpartum. Thus, our results suggest the mechanisms underlying chronic insulin resistance in former GDM women may be driven by inflammation that impinge on the insulin signaling cascade in skeletal muscle to advance insulin resistance postpartum and may underlie the development of impaired glucose tolerance. The implications of these findings are that interventions to reduce obesity postpartum and possibly limit weight gain during pregnancy are critically needed in GDM women to slow the progression of insulin resistance and perhaps prevent the conversion to type 2 diabetes.
